Urbanization and associated land use changes significantly alter the energy and radiation balance, land surface characteristics, and regional climates, posing challenges to natural ecosystems and human society. The combined effects of changes in air temperature (T), relative humidity (RH), and wind speed (WS) profoundly influence human-perceived temperature and the corresponding human thermal comfort, especially in urban areas with large population. This study analyzes the spatiotemporal changes in human-perceived temperatures in the North China Plain, represented by heat index (HI) in summer and wind chill temperature (WCT) in winter, and quantifies the effects of urbanization on temperature changes, based on the observational data of 56 meteorological stations during 1976-2016. The results show a significant warming trend, with human-perceived temperatures increasing faster than T. The warming trend in WCT is higher than that in HI, indicating more thermal discomfort in summer and more thermal comfort in winter. However, the warming trend moderately slows after 1996, partly due to the global surface warming hiatus. Urban areas experience stronger warming trends than non-urban areas, demonstrating the notable effects of urbanization. For the entire study area, urbanization and associated urban land expansion accelerate the increase in HI by 26% and the increase in WCT by 17%.
Introduction
Human beings are currently experiencing an unprecedented rate of urbanization and population growth [1] [2] [3] . Today, 55% of the global population lives in urban area, and this number is predicted to reach 68% by 2050 [4] . In the context of global warming and rapid urban expansion, people are facing rising hazards of extreme climate events, including heat waves, cold events, droughts, storms, and floods [5] . Among all the factors, extreme temperatures are strongly related to human health [6] [7] [8] . For example, heat extremes can lead to symptoms such as skin rashes, heat cramps, heat syncope, and heat stroke [9, 10] , while cold extremes may cause hypothermia, musculoskeletal disorder, numbness, and frostbite [8, 11] . Extreme hot or cold events pose threats to humans, especially outdoor workers, women, children, the elderly, and persons with chronic disease [6, 12, 13] . Compared to suburban and rural areas, urban areas with dense population are prone to more serious threats induced by temperature [1, 14, 15] .
Numerous studies have demonstrated rising heat events and declining cold events across the world during the past few decades, and such adverse changes have proven to be closely related to urbanization [1, 2, 16, 17] . Typically, urbanization magnifies the urban heat island (UHI) effect,
Materials and Methods

Study Area
The NCP (32~41 • N and 113~121 • E) is located in the lower reaches of the Yellow, Huai, and Hai Rivers in China, including all or part of 7 provinces and municipalities (Beijing, Tianjin, Hebei, Shandong, Anhui, Jiangsu, and Henan). It is the largest alluvial plain of China, covering an area of 400,000 km 2 (Figure 1 ), most of which is less than 50 meters above sea level. It is dominated by warm temperate monsoon, with a mean annual air temperature of 8~15 • C and mean annual rainfall of 500~1000 mm occurring mostly in summer (June, July, and August). As the political, economic, and cultural center of China, the NCP, with a population of over 407 million people, has become one of the most densely populated regions in China and even across the world. Urban expansion and population growth have influenced regional climate and land surface conditions, and have subsequently resulted in a series of environmental issues, such as heat waves, water security issues" and haze [38, 42] .
Sustainability 2019, 11, x FOR PEER REVIEW 3 of 16
The NCP (32~41°N and 113~121°E) is located in the lower reaches of the Yellow, Huai, and Hai Rivers in China, including all or part of 7 provinces and municipalities (Beijing, Tianjin, Hebei, Shandong, Anhui, Jiangsu, and Henan). It is the largest alluvial plain of China, covering an area of 400,000 km 2 (Figure 1 ), most of which is less than 50 meters above sea level. It is dominated by warm temperate monsoon, with a mean annual air temperature of 8~15 °C and mean annual rainfall of 500~1000 mm occurring mostly in summer (June, July, and August). As the political, economic, and cultural center of China, the NCP, with a population of over 407 million people, has become one of the most densely populated regions in China and even across the world. Urban expansion and population growth have influenced regional climate and land surface conditions, and have subsequently resulted in a series of environmental issues, such as heat waves, water security issues,, and haze [38, 42] . 
Definition of Human-perceived Temperatures
HI in summer [24] and WCT in winter [25] are chosen as indicators of human-perceived temperatures, representing the equivalent temperature perceived by humans in heat-humid and cold-windy conditions, respectively. All the indicators used in this study are listed in Table 1 . Table 1 . Definitions of all the indicators used in this study.
Indicators
Definition Unit HI Heat index °C 
Definition of Human-Perceived Temperatures
HI in summer [24] and WCT in winter [25] are chosen as indicators of human-perceived temperatures, representing the equivalent temperature perceived by humans in heat-humid and cold-windy conditions, respectively. All the indicators used in this study are listed in Table 1 . HI is based on air temperature (T) and relative humidity (RH), which is calculated as follows:
where T is air temperature ( • F) and RH is relative humidity (%). The unit conversion from • F to • C is executed. WCT is based on T and WS, and the equations for calculating WCT vary at high and low WSs. When the WS is higher than 5 km/h, WCT is calculated as:
And when the WS is lower than 5 km/h, WCT is computed as [44] :
where T is the air temperature ( • C) and WS is the wind speed (km/h).
Data Sources
Three types of data are used in this study, namely, geographical, meteorological, and socioeconomic data. The geographical data are used to acquire the geo-location and basic information of the study area. The meteorological data are used to analyze the spatiotemporal changes of temperature indicators. The socioeconomic data are used to distinguish the urban region and non-urban region within the study area.
The geographical data contain the locations of meteorological stations, the spatial scope of the study area and the urban area, and land use/cover change (LUCC) mapping. The urban area data in 2013 with a shapefile format is obtained from the Baruch College in City University of New York (https://www.baruch.cuny.edu/confluence/display/geoportal/ESRI+International+Data). LUCC data is obtained from the Resource and Environment Data Cloud Platform of the Chinese Academy of Science, produced by Xu, et al. [45] . Herein, data at the late 1980s, 1990, 1995, 2000, 2010 and 2015 are selected, with a spatial resolution of 1 km. The urban area extent and urban land of the NCP are extracted from these data.
The meteorological data, including daily mean T, daily mean RH, and daily mean WS, were acquired from the National Climatic Center of the China Meteorological Administration (http://data.cma.cn/). Observational data during 1976-2017 for two seasons (i.e., winter and summer) are collected in this study; winter comprises December, January, and February, while summer comprises June, July, and August. To avoid unnecessary errors caused by data quality, stations with over 5% missing records are excluded, and other missing data are interpolated through the error correction method based on surrounding stations. The surrounding stations are selected based on a standard within a searching radius less than 20 km. To avoid plausible effect of terrain, stations with elevation over 500 m are excluded. Finally, observational data at 56 meteorological stations are selected. The socioeconomic data mainly refer to demographic data, which contain statistical data and spatial distribution grid data. The city demographic data are collected from the Statistical Yearbook 2016 of Beijing, Tianjin, Hebei, Shandong, Anhui, Jiangsu, and Henan, issued by the National Bureau of Statistics of China. Yearbooks are obtained from the China Economic and Social Development Statistics Database of the National Knowledge Infrastructure (http://tongji.cnki.net/kns55/Navi/NaviDefault. aspx). The population mapping in 2015 at a spatial resolution of 1 km is obtained from the Resource and Environment Data Cloud Platform of the Chinese Academy of Science, produced by Xu [46] . These data are used to distinguish urban and non-urban areas in the NCP, combined with the urban area data.
Methods
All the meteorological data used in this study are processed as regional average values through arithmetic average. The linear trends of long-term mean temperature indicators are calculated by simple linear regression. The statistical significance of trends is evaluated by the modified Mann-Kendall test [47] . The urbanization effects on temperatures is estimated through three steps. First, urban stations are selected following two criteria: urban areas with population over 250,000 and stations located within radius less than 20 km from the urban areas [1, 14] . Then, the other stations are classified as non-urban stations. Second, the regional average values of temperature indicators in urban and non-urban areas are calculated by averaging all urban and non-urban stations over the whole study region. Finally, the urbanization effect (UE) is expressed as the difference of temperature trends between urban and non-urban areas, and the urbanization contribution (UC) is evaluated as the ratio of UE to the temperature trends in urban areas [17] . Figure 2 shows the spatial distribution of the trends in the summer HI, winter WCT, and corresponding T in the NCP during 1976-2016. Almost all the stations (i.e., 98.2% for HI, 94.6% for summer T, 98.2% for WCT, and 100% for winter T) show positive trends in the different temperature indicators, and most of these trends are statistically significant at the 5% level. The increasing trend in HI (0.35 • C per decade) is larger than that in T (0.25 • C per decade), suggesting that heat stress perceived by humans increases faster than the actual air temperature. This result is consistent with the findings of Luo and Lau [27] who reported stronger increasing trend in human-perceived heat stress than in air temperature across eastern China. According to the relationship between HI, T, and RH, HI increases as T or RH increases. During the period of 1976-2016, RH in summer shows a decreasing trend (−0.96% per decade) in most parts of the NCP (Figure 3a ). Thus, it is obvious that increasing T is the dominant factor in HI increments, whereas declining RH exerts negative effects on HI changes.
Results and Discussion
Spatial Distribution of Changes in Temperatures
In winter, WCT increases in most regions, displaying a similar spatial pattern as summer HI, but the magnitude of the WCT trend is much higher than that of the HI trend (Figure 2a ,c), with a maximum value (1.20 • C per decade) two times greater than the largest HI value (0.65 • C per decade). This indicates that human-perceived temperatures increase more rapidly in winter than in summer. This finding is in accordance with previous research in different regions of China [17, 28, 41] . This phenomenon may be attributed to two reasons. On the one hand, the increasing trend in T is much larger in winter than in summer (Figure 2b,d) , which is the primary cause for the higher increasing trend in WCT than in HI. On the other hand, due to the negative relationship between WCT and WS, declines in WS help store energy and intensify the warming effect in winter ( Figure 3d ). Such declines in WS are partly because large-scale urban constructions such as buildings and streets increase the surface roughness and block air flow. Furthermore, increases in black carbon aerosols from the combustion of fossil fuels for transportation, industry, and domestic uses alter cloud structure and the thermal contrast between land and sea, which results in a decreasing WS of the East Asian winter monsoon over the NCP [38, 48] . The warming trends are prominent in densely populated and highly urbanized (Figure 2a ). This indicates that people residing in these areas suffer more heat stress and less wind chill than in other places, and urbanization plays an important role in the warming. In winter, WCT increases in most regions, displaying a similar spatial pattern as summer HI, but the magnitude of the WCT trend is much higher than that of the HI trend (Figure 2a ,c), with a maximum value (1.20 °C per decade) two times greater than the largest HI value (0.65 °C per decade). This indicates that human-perceived temperatures increase more rapidly in winter than in summer. This finding is in accordance with previous research in different regions of China [17, 28, 41] . This phenomenon may be attributed to two reasons. On the one hand, the increasing trend in T is much larger in winter than in summer (Figure 2b,d) , which is the primary cause for the higher increasing trend in WCT than in HI. On the other hand, due to the negative relationship between WCT and WS, declines in WS help store energy and intensify the warming effect in winter ( Figure 3d ). Such declines in WS are partly because large-scale urban constructions such as buildings and streets increase the surface roughness and block air flow. Furthermore, increases in black carbon aerosols from the combustion of fossil fuels for transportation, industry, and domestic uses alter cloud structure and the thermal contrast between land and sea, which results in a decreasing WS of the East Asian winter monsoon over the NCP [38, 48] . The warming trends are prominent in densely populated and highly urbanized areas, such as the Beijing-Tianjin-Hebei (BTH) region and eastern coastal regions (Figure 2a ). This indicates that people residing in these areas suffer more heat stress and less wind chill than in other places, and urbanization plays an important role in the warming.
At sub-regional scales, the long-term mean annual temperatures show obvious spatial heterogeneity, especially between the northern part and the southern part of the study area ( Figure  A1 ). To better explore the changes in temperatures and their responses to environmental factors over different land surface conditions and climate patterns, we further divide the study area into two parts (north and south) by the boundary of 35°N. Table 2 shows the trends of regional mean At sub-regional scales, the long-term mean annual temperatures show obvious spatial heterogeneity, especially between the northern part and the southern part of the study area ( Figure A1 ). To better explore the changes in temperatures and their responses to environmental factors over different land surface conditions and climate patterns, we further divide the study area into two parts (north and south) by the boundary of 35 • N. Table 2 shows the trends of regional mean temperature and climate indicators over the whole study area, the north part and the south part. In summer, both HI and T show a higher increasing trend in the north (0.39 and 0.29 • C per decade respectively) than in the south (0.32 and 0.22 • C per decade respectively), while RH shows stronger decreasing trend in the north (−1.03% per decade) than in the south (−0.89% per decade). Increasing T has positive effects on the increase in HI, but decreasing RH offsets part of the warming trend, implying that the spatial pattern of HI is dominated by changes in T. This finding is consistent with previous studies [49, 50] . The higher warming trend in the north is partly ascribed to the more rapid urbanization process in the north (31%) than in the south (16%), despite the generally higher level of urbanization in the south than in the north ( Figure A2) . In winter, T shows almost the same increasing trend in the north (0.42 • C per decade) and in the south (0.43 • C per decade), whereas WS shows a stronger decreasing trend in the north (−0.20 m/s per decade) than in the south (−0.16 m/s per decade). This indicates that the spatial distribution of WCT is dominated by WS, though the general trend of WCT is under the combined effects of T and WS. These results suggest that the urbanization effects on increasing T in winter are not as significant as that in summer. 
Temporal Evolution of Regional Mean Temperature
The evolution of temperature indicators during 1976-2016 in the NCP is depicted in Figure 4 . For the entire study area, the human-perceived temperatures of both HI and WCT show a significantly increasing trend, despite interannual fluctuations. This trend is mainly ascribable to increasing T and decreasing WS, which has been noted by previous studies [31, 51] . Such a decline in surface WS is connected to both monsoonal weakening and the changes in surface roughness due to LUCC [51, 52] . Compared to the overwhelming effect of rising temperature, the offsetting effect of the long-lasting decrease in RH on heat stress is considerably small [53] . As a result, this warming trend leads to more comfortable thermal conditions in winter but less comfortable thermal conditions in summer. The interannual changing patterns of temperatures over urban and non-urban areas are roughly similar, though urban areas are subjected to higher warming trends than non-urban areas in both summer and winter ( Table 2 ). This implies that urbanization intensifies heat stress and abates wind chill, causing more thermal discomfort in summer and less discomfort in winter on the human body. The additional warming trend in urban regions is dominated by UHI and heat release from intense human activities. The rough increments in HI and WCT are controlled by increasing T, but notably, the temporal changes in T experience two stages, i.e., 1976-1995 (period-1) and 1996-2016 (period-2). T in both summer and winter show a slightly lower increasing trend in period-2 than in period-1 (Table A1) , implying that the warming process has decelerated to some extent during the past two decades. This slowdown in warming may become a typical component of the recent global surface warming hiatus [54] [55] [56] . Xie, Huang, and Liu [54] confirmed the robust warming hiatus in China during 1998-2013, and further found that the recent warming hiatus is mainly induced by changes in atmospheric circulation. The circulation variations are opposite between the two sub-periods. The westerly wind that prevents the invasion of cold air from the Arctic to northern China is enhanced during period-1 and weakened during period-2, leading to the previous accelerated warming and the recent warming hiatus, as Figure 4 shows.
Overall, people experience gradually increasing thermal discomfort in summer and decreasing thermal discomfort in winter during 1976-2016, especially in urban areas. In spite of the warming trend at a long-term scale, extreme temperature events still exist and tend to occur more frequently in the future, which may raise acute threats for public health [57, 58] . Therefore, the mechanism of The rough increments in HI and WCT are controlled by increasing T, but notably, the temporal changes in T experience two stages, i.e., 1976-1995 (period-1) and 1996-2016 (period-2). T in both summer and winter show a slightly lower increasing trend in period-2 than in period-1 (Table A1) , implying that the warming process has decelerated to some extent during the past two decades. This slowdown in warming may become a typical component of the recent global surface warming hiatus [54] [55] [56] . Xie, Huang, and Liu [54] confirmed the robust warming hiatus in China during 1998-2013, and further found that the recent warming hiatus is mainly induced by changes in atmospheric circulation. The circulation variations are opposite between the two sub-periods. The westerly wind that prevents the invasion of cold air from the Arctic to northern China is enhanced during period-1 and weakened Sustainability 2019, 11, 3413 9 of 15 during period-2, leading to the previous accelerated warming and the recent warming hiatus, as Figure 4 shows.
Overall, people experience gradually increasing thermal discomfort in summer and decreasing thermal discomfort in winter during 1976-2016, especially in urban areas. In spite of the warming trend at a long-term scale, extreme temperature events still exist and tend to occur more frequently in the future, which may raise acute threats for public health [57, 58] . Therefore, the mechanism of changes in human-perceived temperatures requires further exploration.
Urbanization Effect and its Implications
In this section, we quantify the UE on changes in human-perceived temperature. In summer, the HI values in urban and non-urban areas demonstrate an increasing trend of 0.40 and 0.30 • C per decade over the whole NCP, respectively ( Table 2 ). This suggests that urbanization leads to an additional warming in HI of 0.10 • C per decade, which is responsible for 26% of the total warming trend. Previous studies have reported consistent results that urbanization contributes to 21~30% of increasing heat stress in urban areas of eastern China [27] . For WCT, urbanization induces a surplus warming of 0.12 • C per decade (Table 2) , which accounts for 17% of the total temperature change. These results indicate that urbanization plays a greater role in human-perceived temperature changes in summer than in winter, which is in accordance with previous research [41] . Notably the UC to temperature changes displays a regional divergence ( Table 2) . Compared with the UC to the increase of HI/WCT in the north part (1%/10%), the south part is subjected to a greater UC of 49%/25%.
Previous research has identified two main representative indicators of urbanization: LUCC and CO 2 concentration increases [2, 59] . Aerosol forcing, black carbon concentrations, and corresponding energy distributions are phenomenon more likely occur at the global scale than at the regional scale. Herein, we focus on human-induced land use changes, which is helpful for understanding the mechanism of warming at the regional scale. China has experienced unprecedented urban constructions such as buildings, highways, bridges, and other infrastructures over the past four decades [60] , which have considerably influenced land surface conditions and subsequently the local climate. As a typical indicator of urbanization, urban land variations imply changing demands in both public and domestic areas, such as household and industrial purposes [61] . In this study, we use urban area (UA) to explore the response of temperature changes to LUCC induced by urbanization in the NCP. Figure 5 shows the linear relationship between the UA of the NCP and human-perceived temperatures. Although slight differences of the relationships exist between summer and winter, HI and WCT both increase with increasing UA from the late 1980s to the mid-2020s. The correlation coefficients between UA and the two indicators are 0.729 and 0.739, respectively, which implies that urban expansion plays a positive role in temperature increase. However, temperature reaches the peak in the late 2000 with UA changes and slightly decreases since then, which may be attributed to the alleviating effect of the warming hiatus since 1998 [54, 55] . Apart from urban land expansion, urban population growth and intense anthropogenic activities also accelerate the warming trend in the NCP. For example, Kang and Eltahir [42] projected that the combined effects of climate change and agricultural irrigation activities are likely to exacerbate the summer heat threat in the NCP. Lou, et al. [38] noted that black carbon produced by burning coal for heating in winter could alter the land-sea thermal contrast and then weaken the wind strength of the East Asian winter monsoon, thereby finally amplifying the warming trend in the NCP.
Although the results above show that urbanization has considerably positive influences on the warming trend in the NCP, the actual conditions may be more complex, especially at the local scales for specific places, districts, or cities. For instance, some artificial natural systems within cities, such as urban wetlands [62] , green roofs on buildings [63] , and green spaces like parks and gardens [64] , are designed to have cooing effects on urban heat. To mitigate future warming trends and enhance the resilience of humans to heat stress, more nature-based solutions, represented by green and blue constructions, should be implemented by decision-makers in urban planning. There are also some uncertainties in this study. First, the classified criteria of urban and non-urban stations may lead to discrepancies in the responses of temperatures to urbanization. The criteria are subjective for different regions, concerning searching radius, population number, and urban size [1, 14] . Moreover, the number of stations, data quality and data availability could affect the precision of the evaluation results. To obtain more accurate results, high-resolution datasets with enhanced data quality should be applied in future research. Figure 5 shows the linear relationship between the UA of the NCP and human-perceived temperatures. Although slight differences of the relationships exist between summer and winter, HI and WCT both increase with increasing UA from the late 1980s to the mid-2020s. The correlation coefficients between UA and the two indicators are 0.729 and 0.739, respectively, which implies that urban expansion plays a positive role in temperature increase. However, temperature reaches the peak in the late 2000 with UA changes and slightly decreases since then, which may be attributed to the alleviating effect of the warming hiatus since 1998 [54, 55] . Apart from urban land expansion, urban population growth and intense anthropogenic activities also accelerate the warming trend in the NCP. For example, Kang and Eltahir [42] projected that the combined effects of climate change and agricultural irrigation activities are likely to exacerbate the summer heat threat in the NCP. Lou, et al. [38] noted that black carbon produced by burning coal for heating in winter could alter the land-sea thermal contrast and then weaken the wind strength of the East Asian winter monsoon, thereby finally amplifying the warming trend in the NCP. , 1976-1980, 1986-1990, 1991-1995, 1996-2000, 2016-2010 , 1976-1980, 1986-1990, 1991-1995, 1996-2000, 2016- 
Conclusions
Global warming and urbanization significantly alter land surface conditions and climate patterns at regional scales. The combined effects of changes in temperature, humidity, wind speed, and other environmental factors profoundly influence human-perceived temperatures, which are closely related to thermal comfort and human health. In this study, we explore the spatiotemporal changes in human-perceived temperatures (i.e., HI and WCT), and quantify the UE on these changes in the NCP. The results can assist the government and policy makers in mitigating climate change and promoting sustainability of the social-economic-natural ecosystem. Conclusions can be drawn as follows.
1.
During 1976-2016, all temperature indicators show significantly increasing trends over the whole study area, among which HI and WCT show higher warming trends than T, indicating that human-perceived temperatures increase faster than T. The warming trend in winter is higher than that in summer.
2.
Human-perceived temperatures show higher increasing trends in urban areas than in non-urban areas, implying more thermal discomfort in summer and slightly more thermal comfort in winter, especially in urban areas. The warming trends in period-2 (1996-2016) are lower than those in period-1 (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) , partly due to the global surface warming hiatus.
3.
For the entire study area, 26% of the increase in HI and 17% of the increase in WCT are attributed to urbanization and associated urban land expansion. The UE is much larger in the south than in the north, divided by the boundary of 35 • N. Note: HI and WCT represent heat index and wind chill temperature; Ts and Tw represent air temperature in summer and winter; RHs and WSw represent relative humidity in summer and wind speed in winter. Bold denotes significant at the 5% significance level.
